This study presents a liquid lens using electrowetting that employs an oil phase floating in between the conducting fluids. The lens shape has double-sided surfaces and operates with a bias of 0-60 V. The focal length of the lens, with an aperture size of 2 mm, is ∼5.8 mm, and it is converted into an optical power of 172. The lens is sufficient to suppress the fluctuation of fluids due to the external vibration. An image seen through the lens clearly resolves the element better than 6.35 LP∕mm on USAF 1951 1×.
Research to develop an active device that can be electroactivated without a conventional motor-driven module has been conducted over the past decades. Among them, work on an optical device such as a fluidic lens has been the most actively studied. Efforts to realize those electroactive optical devices were made by some pioneering companies such as Varioptics [1] [2] [3] , which used the two phase structure of liquids to realize the plano-convex lens based on electrowetting through a brilliant idea of Dr. Berge, but has a limited application due to its size and optical power. The other, realized by Phillips [4] , used a similar structure with two liquid phases except for its cylindrical shape. However, the fluidic lens presented in this report has double-sided surfaces, which make it possible to control the curvature of both lens surfaces independently. For the lens to exist, it needs a floating liquid phase in between the immiscible liquids, and we adopt a specific lens structure in which there are two immiscible water phases attached to the top and bottom substrates with an oil phase floating in between those water phases. To make the oil float in between the water phases, the water should be attached to the top and bottom plates first, and then the oil is inserted into the space formed by the water. This creates an ideal lens structure because it can form either a convexconvex or concave-concave lens by controlling the applied potential to the top and bottom electrodes, which have contacts with the top and bottom conducting liquid.
The issue faced by liquid lens researchers can be divided into two parts. One part is high electrical potential and the other is low optical power. We can solve these problems by adopting the pot-shape lens chamber. The major advantage of designing the lens as proposed is that it can achieve high optical power, which also means that it can reduce the operating voltage to reach the same diopter as a conventional liquid lens having a single immiscible interface of oil and water. This double-sided liquid lens promises other achievable options including the freedom to control the liquid by applying a different potential to the top and bottom electrodes or the side electrodes of the walls because the proposed lens uses four different electrodes to control the curvatures of both surfaces by changing the tilting angle that the liquid forms with the hydrophobic surface. This differs from the conventional liquid lens that uses only two electrodes to change the lens curvature by controlling the tilting angle between the actuating liquid and the hydrophobic surface. Therefore, it has the flexibility to control the lens shape more dynamically than the old version. The potshape lens chamber with all-around electrode maximizes the electrical field in the chamber to activate the water phase interfacing with the oil phase that forms the lens curvature.
The dielectric layer, under which the electric field is applied, lowers the operating voltage as a consequence of both the thickness of the material that determines the angle change and the material type that decides the breakdown voltage. This material dependent issue should be dealt with in the floating lens chamber design for the curvature of oil to change at low voltage and achieve the desired optical power. The lens structure is shown in Fig. 1 , and it explains how the floating oil phase is formed inside the pot-shape chamber and the curvature shape of the water and oil phases. The lens is vertically symmetric, so that the structure in the upper side is identical to the structure in the lower side. Figure 2 shows the basic operation for forming the concave-concave or convex-convex lens, which is vertically symmetric, by applying the ground potential to the top and bottom electrodes. Both have contact to the conducting liquid and a certain voltage to the side electrodes. The convex-convex lens is implemented by applying the positive potential to both side electrodes as shown in Fig. 2(a) . The water phase in the upper and lower sides forms a concave shape. The concave-concave lens is implemented by applying the negative potential to both side electrodes as shown in Fig. 2(b) . The water in the upper and lower sides forms a convex shape.
The proposed device uses four different electrodes. The electrodes on the top and bottom plates are connected to the ground potential. The side electrodes on the side glass walls are connected to a different potential that is intended to control the radius of curvature of the water phases in the upper and lower sides, which causes the oil lens floating in between the waters to have a different curvature on the lower and upper side; however, these side electrodes were connected to the same node for simplicity in this experiment. Since the water is electrically grounded and attracted to the electrode, the curvature of radius of the oil phase in contact with the electrode onto which the higher potential is applied, is smaller than that of the oil in contact with the electrode onto which the lower potential is applied, as shown in Fig. 2 . When the higher voltage is applied to the upper side electrode, the upper radius of curvature of the oil phase is smaller than that of the lower one, as shown in Fig. 3(a) , and it is reversed when the higher voltage is applied to the lower side electrode, as shown in Fig. 3(b) .
For a demonstration of the proposed device, we have fabricated the test sample that was expected to show excellent optical and electrical performance of the proposed lens in comparison to a conventional fluidic lens. The lens consists of several panes of glass on which indium-tin oxide (ITO) electrode and dielectric material are thermally deposited, and hydrophobic coating was done. The glass substrate was processed through the chemical etching using a metal mask, and has a thickness of 0.4 ∼ 0.7 mm for use. The ITO was deposited on the surround-tilted area of glass symmetrically in the upper and lower glasses and on the plate substrate of the top and bottom glasses, separately. The thickness of the ITO electrode is 5000 Å, and its surface resistance is around 10-20 Ω following thermal treatment. We have chosen SiO 2 as a dielectric material because of its high dielectric constant and high breakdown voltage for area. The thickness of SiO 2 is around 500 Å. The hydrophobic area of the side wall was coated by Teflon (AF 1600, DuPont) with a thickness of 500 nm and baked at 150°C for 15 min. Intensive care is necessary during the Teflon coating because adhesion between the surface and Teflon must be guaranteed to prevent leakage current through the hydrophobic layer. The overall fabrication process which takes nine steps is shown in Fig. 4 to illustrate the simple process. The last job to realize the lens is to inject the liquid of oil and water, which needs careful handling to ensure the percentage of liquid and the electrical contact of the water phase to the top and bottom ITO electrodes. After injection is successfully done, hole closing is done.
To figure both the electrical and optical performance of the device, we used a special instrument to capture the image and to make fluidic circulation for the robustness test since the lens aperture is too small to capture the image through the lens. The mechanical circulation inside the lens chamber was tested as well by giving vibration to the lens for a certain time by using a vibrator that was manually constructed.
It is important to check whether the oil phase is floating in between the water phases or not. To easily see the shape of the oil phase we used red-colored oil, and oil floating is shown in Fig. 5 . It was observed that the oil phase was located in between the water phases above and below by seeing Fig. 5(a) and the dotted circle in Fig. 5(b) . The oil phase was a little bit lower from the center position than expected, which was likely due to the gravitational effect on the water, but the effect on the lens property by this lowering of oil phase was negligible.
The focal length of the lens starts to change when applying more than 30 V, and it is smoothly controlled by increasing the voltage, which means that there is a minimum voltage to activate the liquid. For the robustness test, we checked the fluid fluctuation and subsequently captured the images to demonstrate how much the lens can resist against the mechanical vibration. The lens was set inside the vibrator by applying 1000 rpm vibration, and no variation of optical and electrical characteristics was detected. The lens showed almost the same focal point without variation, regardless of the tilting angle of the lens module to the ground, and it shows that the pressure inside the lens chamber is sufficient to suppress the circular movement of liquid. The curvature change of the radius of the oil phase was identical to the curvature of the water phases in the upper and lower side. The other advantage we can obtain from the proposed lens is that it can lower the operating voltage by adopting a separate electrode topology, which maximizes the electric field inside the chamber compared with the conventional fluidic lens to reach the desired focal length variation.
For the evaluation of lens quality, we used a USAF 1951 1× resolution target. The object was set behind the lens, and the distance between the lens and object was 10 mm. The digital camera with a CIS sensor of 12 megapixels was used to capture the image through the lens. As shown in Fig. 6 , the image through the lens provided a good resolution, and we were able to resolve the element better than 6.35 LP∕mm by seeing the enlarged image, although the images were quite blurred because of the misalignment of glasses and impurities during fabrication.
We were not able to use the conventional equipment to measure the focal length of the lens since the curvature of the lens in the lower part was misaligned with that in the upper part due to the small lens dimension, and we therefore had to calculate the focal length by figuring out the magnification of the image through the lens. The relation between the magnification and focal length is given by Eq. (1):
where f is the focal length, S 0 and S are the distances between the lens and object and between lens to the image, respectively, and M is the magnification. The M is simply calculated by substituting d 1 ∼ 1.43, d 2 ∼ 1.9, and S 10 mm into a simple equation M d 2 ∕d 1 on the image, and we calculated the focal length variation Δf by using Eq. (1) equal to 5.8 mm, assuming that the images were captured on the same optical plane.
The lens profile shows that an optical power variation of 1∕f ∼ 172D via the applied voltage is highly enhanced with the applied voltage compared to that of the conventional electrowetting liquid lens. This figure can show the approximate optical power of the lens, although this value was not given from the actual measurement but by the calculation from the magnification.
This Letter mainly deals with the liquid floating in between immiscible liquids, which is used as a powerful lens. The electrical and optical properties of the proposed lens is highly improved by this floating mechanism, which lowers the required voltage as well to reach the desired optical power. The image through the lens is comparably good and shows the lens can reliably resist external vibration. 
